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Abstract—We report here that channel power gain and Root-
Mean-Square Delay Spread (RMS-DS) in Low/Medium Voltage
power line channels are negatively correlated lognormal random
variables. Further analysis of other wireline channels allows us
to report a strong similarity between some properties observed
in power line channels and the ones observed in other wireline
channels, e.g. coaxial cables and phone lines. For example, it
is here reported that channel power gain and logarithm of the
RMS-DS in DSL links are linearly correlated random variables.
Exploiting these results, we here propose a statistical wireline
channel model where tap amplitudes and delays are generated
in order to reflect these physical properties. Although wireline
channels are considered deterministic as their impulse response
can be readily calculated once the link topology is known, a
statistical wireline channel model is useful because the variability
of link topologies and wiring practices give rise to a stochastic
aspect of wireline communications that has not been well charac-
terized in the literature. Finally, we also point out that alternative
channel models that normalize impulse responses to a common
(often unitary) power gain may be misleading when assessing
the performance of equalization schemes since this normalization
artificially removes the correlation between channel power gain
and RMS-DS and, thus, Inter-Symbol Interference (ISI).
Index Terms—Channel Modeling, Power Line Communica-
tions, Twisted-pairs, Coaxial Cables, lognormal fading.
I. INTRODUCTION
THE issue of channel modeling is of paramount impor-tance as any sensible communications system design
must be matched to the particular characteristic of the channel.
In particular, the lack of a commonly agreed upon model
for the power line (PL) channel has slowed down transceiver
optimization and the pursuit of general results in the area
of Power Line Communications (PLC). In the last decade,
PLC channel modeling efforts have focused on a better under-
standing of the physics of signal propagation, leading at first
to the definition of phenomenological models [1] and, more
recently, to the definition of deterministic models based on
transmission line (TL) theory (see [2] and references therein).
Although the multipath nature of signal propagation along PLs
[1] as well as along other TLs [3] is today well accepted,
what is currently lacking in today’s models is a realistic
statistical characterization of the channel. As a consequence,
results available today on the performance of communications
systems operating over the PL have limited applicability and
cannot be used to draw general conclusions. There are very
few contributions attempting to define a statistical model for
the PLC channel; furthermore, these contributions are still
somewhat incomplete, do not allow physical insight, lack
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empirical justification and, in some cases, they are difficult
to replicate or generalize.
The most widespread PLC channel model is the multipath-
based one introduced in [1], [4], [5], [6]. According to this
model, signal propagation along PL cables is mostly affected
by multipath effects that arise from the presence of several
branches and impedance mismatches that cause multiple re-
flections. In this approach, a parametric model of the channel
is set forth as a superposition of delayed and attenuated
echoes and the model parameters (delay, attenuation, number
of paths, etc.) are fitted after measuring the channel. As
a consequence, this model cannot be used to compute the
transfer function a priori. Although the multipath nature of
signal propagation along PLs as well as along other TLs [3]
is today well accepted, there are several disadvantage in this
approach. First, it cannot be used to compute the channel
transfer function a priori. Second, resonant effects due to
parasitic capacitances and inductances as well as particular
wiring and grounding practices cannot be explicitly included
in the model but only “phenomenologically” observed through
the initial measurement. Finally, models for the reflection
coefficients and for the link topologies are needed to generate
the multiple paths.
Using classical two-conductor TL-theory, Meng et al. com-
plement the multipath model by allowing the a priori com-
putation of the channel model parameters so that preliminary
measurements can be avoided [7]. This approach requires full
knowledge of the link topology, similarly to the frequency
domain models based on TL theory. However, since in a time
domain model all resolvable paths have to be generated one-
by-one, the computational complexity of the multipath models
grows with the number of discontinuities and becomes often
prohibitively high for the IH case (see, for example, Sect.
III.A in [2]). For this reason, contributions have recently been
focusing on frequency domain deterministic models based
on TL-theory [8], [9], [10], [11], [12], [13], [2], [14]. This
trend also confirms that a more complete understanding of the
physical propagation of communications signals over PLs has
been recently emerging.
The major drawback of TL-theory modeling and of the
modified multipath one is that the knowledge of the whole
topology is required for the computation of the link transfer
function. This issue could be by-passed either by creating
a set of topologies that can be considered as representative
of the majority of topologies that can be found in the field
for a specific scenario or by generating randomly a set of
statistically relevant transfer functions. In fact, as suggested
in [2], the availability of accurate deterministic models based
on TL-theory allow us to generate without prior measurements
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and with good accuracy any topology thus empowering us with
the capability of defining hybrid deterministic/Monte Carlo
models. However, these solutions are only able to partially
alleviate the problem. In fact, the first approach is reminiscent
of what has been done in xDSL context with the definition
of the ANSI and CSA loops and is of limited applicability
to the PL case due to the wide variability of wiring and
grounding practices around the world. The second approach
still requires a model for the number of branches, their length,
their location, etc.
A first attempt to define a model for the generation of
random IH topologies has been made by Esmailian et al. [10]
by using the US National Electric Code to set constraints
on the topologies in terms of number of outlets per branch,
wire gauges, inter-outlet spacing, etc. On the other hand, a
generalization of this approach requires the knowledge of the
electric codes of every country. The results presented in [10]
ignore the effects of ground bonding which is mandatory in
the US. However, it is straightforward to include grounding
by introducing the “companion model” proposed in [12],
[13], [2] that allows treating under the same formalism both
ungrounded and grounded links.
In order to by-pass the dependency of the model on national
wiring practices, it was proposed in [15] to choose the location
of discontinuities according to a Poisson distribution and
then generate the impulse response in the time domain by
generating echoes one-by-one. Notwithstanding its appealing
simplicity, this model lacks physical justification as it is
not supported by any empirical observation nor can it be
justified by physical considerations. Furthermore, there are
no guidelines for setting the parameters of the frequency
dependent attenuation or the intensity of the Poisson arrival
process in order to simulate a specific scenario. Another
attempt towards a statistical modeling of the PLC channel is
reported in [16]. Nine classes of channels and their respective
transfer functions are defined and it is observed that peak and
notch widths, heights, and numbers of a smoothed version
of the measured transfer functions are fitted by Rayleigh,
triangular, and Gaussian distributions, respectively. However,
there is very little physical insight about why such distributions
arise and one may wonder if these distributions are simply an
artifact of the chosen classification procedure. Furthermore,
the operation of smoothing of the transfer function applied in
[16] is questionable since it changes considerably the degree
of frequency selectivity of the channel and, thus, the distortion
that is introduced.
In this paper, we address the above mentioned lack of a
physically meaningful statistical characterization of the PLC
channel by reporting statistical results that shed light on
important properties of the Low Voltage (LV) and Medium
Voltage (MV) PLC channels. In particular, we confirm here
on the basis of channel measurements that channel power
gain and RMS-DS of LV/MV PLC channels are correlated
lognormal random variables - initial results were reported for
the first time in [17]. This paper also reports for the first time
that the above mentioned correlation is also a characteristic
of other wireline communications channels. For example, it
has been found that channel power gain and the logarithm
of the RMS-DS in DSL links are linearly correlated random
variables.
An important consequence of this property is that perfor-
mance results obtained on the basis of channel models that
contain some sort of channel gain normalization should be
accepted with the grain of salt as channel gain normalization
removes the correlation between channel gain and RMS-DS
and, thus, ISI. For example, these models would not be able to
capture the physical property that channels characterized by a
high attenuation are also characterized by severe ISI. Similar
considerations may also be made in the wireless context as
several researchers have reported empirical results confirming
that the correlation between channel gain and RMS-DS is
sometimes observable in radio channels (see Sect. III-F for
more details).
On the basis of these results, we here propose a new
approach to wireline statistical channel modeling where the
correlation between gains and RMS-DS is imposed by de-
sign. We also show how the proposed approach allows us
to define a very simple two-tap statistical channel model
that, despite its simplicity, is capable of producing realistic
capacity Cumulative Distribution Function (CDF) plots. The
proposed statistical model allows us to properly replicate the
variability of link topologies and wiring practices that actually
confer a truly stochastic aspect to deterministic TL-based
channels. The availability of statistical channel models will aid
in gaining a better understanding of the range and coverage
that PLC solutions can achieve, a necessary prerequisite when
deploying PLC equipment in the field - especially for Smart
grid applications [18].
The paper is organized as follows. In Sect. II, we report
statistical properties of LV/MV PLC channels. In Sect. III, we
point out the commonality of channel gain/RMS-DS correla-
tion in several wireline channels and also confirm the general
validity of the lognormal model for channel gains. The impli-
cations of the found correlation property from an equalization
perspective are discussed in Sect. IV for both single an multi-
carrier schemes. The proposed statistical channel modeling
approach is outlined in Sect. V, where we also discuss the
advantages of a simple two-tap channel model. Simulation
results are presented in Sect. VI and finally conclusive remarks
are drawn in Sect. VII.
II. STATISTICAL RESULTS FOR LV AND MV
POWER LINE LINKS
In this section, we report statistical results obtained on the
basis of measured PLC channels. For the LV case, we report
channel measurements of US sub-urban and urban homes.
The sub-urban measurements reported here pertain to a set
of channels measured by the HomePlug Powerline Alliance
that have been made available online [19]. The set contains
60 forward and reverse PLC transfer functions taken from
six different homes of various sizes and age in the US -
for more details see [20]. For the US urban case, we use
40 forward and reverse PLC transfer functions collected by
Panasonic in five US apartment buildings (Multiple Dwelling
Units). In all cases, we have considered the 1.8-30 MHz
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band and only the forward links (the reverse links yielded
approximately the same values of average gain and RMS-DS
as predicted by theory [21]). The MV PL links have been
measured in a 3-phase MV underground network. A single
drive point was chosen, B-phase at a transformer, and then
many measurement points were chosen at various locations,
progressing in distance from 21.3 m (70 ft) out to about
365.8 m (1200 ft) away from this central feed point. This
data includes going through features such as junction boxes,
taps transformers, and phase-to-phase cross-coupling. In all
reported measurements, the considered channel bandwidth is
[2-40] MHz. Two different types of coupling methods were
used for the MV measurements, both inductive coupling on
the center conductor and inductive coupling on the concentric
neutral.
In the following Subsections, we will use the following
definitions:
• Impulse response: hi , h(t = iTS), i = 0, 1, 2, . . . , L−
1, obtained sampling at rate FS = 1/TS the continuous
time impulse response h(t). The channel memory is L-1,
and there are L non zero taps. Channel tap amplitudes
and gains at delay θi = iTS are hi and P (θi) = |hi|2,
i = 0, 1, . . . , L− 1, respectively.
• Transfer Function: Hi , |Hi|ejφi , i = 0, 1, 2, . . . , N−1,
obtained as the N -point DFT of the discrete impulse.
On all data sets we have tested for lognormality at the
5% significance level using the following tests: Jarque-Bera,
Shapiro-Wilk/Francia1, Lillilifors, Anderson-Darling, and Chi-
square. Furthermore, we also used the Kolmogorov-Smirnov
test to verify that two data sets come from the same (normal-
ized) distribution.
A. Average Power Channel Gain
The channel power gain G can be expressed as:
G =
L−1∑
n=0
|hn|2 = 1
N
N−1∑
i=0
|Hi|2 =
L−1∑
n=0
P (θi), (1)
where the term “average” is used here to differentiate this
power gain from the individual channel power gain |Hi|2 at
a certain frequency or sub-carrier. It is possible to justify
the lognormality (normality) of the average channel gains G
(GdB = 10log(G)) of PLC channels using several arguments
related to either the multipath nature of signal propagation
or to TL modeling based on cascaded two-port networks.
Actually, these arguments hold not only for the PLC case but
also for the general case of TL-based channels.
Considering signal propagation along TLs as multipath-
based [1], [3], channel distortion is present at the receiver due
not only to the low pass behavior of the cable but also to the
arrival of multiple echoes caused by successive reflections of
the propagating signal generated by mismatched terminations
and impedance discontinuities along the line. This is a general
behavior and is independent of the link topology or, in the case
1) The Shapiro-Wilk test is performed when data samples are platykurtic,
while the Shapiro-Francia test is performed when they are leptokurtic.
of PLs, of the presence of grounding [2]. According to this
model, the transfer function is [1]:
H(f) =
Npaths−1∑
i=0
gi(f)e
−α(f)vpθie−j2pifθi (2)
where gi(f) is a complex number generally frequency de-
pendent that depends on the topology of the link, α(f) is
the attenuation coefficient which takes into account both skin
effect and dielectric loss, θi is the delay associated with the
i-th path, vp is velocity of propagation along the PLC cable,
and Npaths is the number of non-negligible paths. Similarly,
we can write in the time domain:
h(t) =
Npaths−1∑
i=0
e(i)ep (t− θi) (3)
where e(i)ep (t) = FT−1
[
gi(f)e
−α(f)vpθi] is the signal propa-
gating along the i-th path. The amplitude and shape of the i-th
path signal are a function of the reflection coefficients ρ(i) and
the transmission coefficients ξ(i) = (1 +ρ(i)) associated to all
the impedance discontinuities encountered along the i-th path,
and of the low-pass behavior of the channel in the absence
of multipath (for analytical expressions of ρ(i) and ξ(i), see
[2] for the case of forward traveling signal paths and [3] for
the case of backward traveling echo paths). Thus, the path
amplitudes are a function of a cascade (product) of several
random propagation effects and this is a condition that leads
to lognormality in the central limit since the logarithm of a
product of random terms becomes the summation of many
random terms. Since lognormality is preserved under power,
path gains are lognormally distributed as well. Finally, since
the sum of independent or correlated lognormal random vari-
ables is well approximated by another lognormal distribution
[22], we can finally state that also average channel gains G
are lognormally distributed.
When considering TL-based channel models based on cas-
caded two-port networks and transmission (or ABCD) ma-
trices, each section of cable, each bridged tap, the mains
breaker box and the eventually present grounding are modeled
as a two-port network and are represented by a two-by-two
transmission matrix [2]. The transfer function of the overall
TL link is equal to the reciprocal of a linear combination of
the four elements (A, B, C, D) of the overall transmission
matrix which is calculated exploiting the chain rule, i.e. the
overall transmission matrix is equal to the product of the
transmission matrices of all cable sections, bridged taps, etc.
Thus, the overall transmission matrix is obtained as the product
of many matrices which can be considered random when
considering a generic topology. There is an extensive literature
relating lognormal distributions to the product of multiple
random matrices [23], so again lognormality of individual
and average channel gains arises again. The above theoretical
considerations hold for any PLC network regardless of the
frequency band of operation.
All statistical tests confirmed lognormality of G at the 5%
significance level for all IH data sets presented here. Table I
reports notable statistical values for the average channel gains
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expressed in dB. We remark the large excursion of channel
attenuation encountered in the PLC channel, around 50 dB.
This excursion is much wider than that generally encountered
in IH phonelines (PH) or in IH coaxial cables (CX) which is
around 20 dB.
For the MV case, lognormality tests at the 5% significance
level have failed when all 59 data points were used. By re-
moving six suspected outliers using boxplot analysis, channel
gains in dB have passed all considered normality tests with a
minimum pValue of 0.4. The identified outliers corresponded
to cases where channel attenuation was very high (> 65 dB)
and link capacity was zero.
B. RMS Delay Spread
The RMS-DS στ is given by the following relationship:
στ ,
√
µ
(2)
τ − (µτ )2 = TS
√
µ
(2)
0 − (µ0)2 (4)
µτ =
∑L−1
i=0 θiP (θi)∑L−1
i=0 P (θi)
= TSµ0 (5)
µ(2)τ =
∑L−1
i=0 θ
2
i P (θi)∑L−1
i=0 P (θi)
= (TS)
2µ
(2)
0 (6)
where µ0 and µ
(2)
0 are defined as:
µ0 =
∑L−1
i=0 i|hi|2∑L−1
i=0 |hi|2
, µ
(2)
0 =
∑L−1
i=0 i
2|hi|2∑L−1
i=0 |hi|2
. (7)
Table I reports notable statistical values for the RMS-DS ex-
pressed in µs. The RMS-DS of sub-urban US homes exhibits
very high kurtosis (leptokurtic behavior), thus indicating that
its distribution is more outlier-prone than the Gaussian one
which has a kurtosis equal to 3. We have also considered the
two sets of RMS-DS conditional to the channel attenuation
being larger or smaller than 45 dB. The RMS-DS statistical
values for the case when the attenuation is larger than 45 dB
are also shown in Table I and are useful to generate channel
realizations in leptokutic scenarios as the IH PLC sub-urban
one - see Step 3 in the channel generation procedure given in
Sect. V.
Among the 60 measured responses, 59 channels exhibited
an RMS-DS below 1.3µs. One response only exhibited an
RMS-DS value of 1.7µs. On the other hand, data collected
in US urban locations show kurtosis closer to the Gaussian
case. Similar results can be found in [24], [10] where values
of RMS-DS under 1µs have been reported in similar settings.
Similarly, the RMS-DS of the measured MV PL links were
all under 1 µs. We can then state that the RMS-DS of a
PL link is much smaller than traditionally reported and, for
the considered scenarios, it is below 1µs in most cases. The
symbol interval of commercially available PLC modems is
8.192µs (case of Wavelet-OFDM [25], [26]) or 40.96µs in
the case of windowed OFDM with Cyclic Prefix (CP) [27].
Therefore, in the vast majority of cases, the RMS-DS of the
PLC channel is less than 20% of the baud interval. We point
out that several published papers report that typical IH “delay
spreads” are in the order of few microseconds, e.g. see [28],
[29], [27]. For example, it is reported in [27] that measured
IH “delay spreads” are in the order of 2 − 3µs, with some
exceptional cases of delay 5µs. However, most papers do not
generally calculate the actual RMS-DS and what is actually
reported is the duration of the impulse response that includes
a percentage α of the total impulse response energy - for
example, a value of α = 0.95 has been used by Afkhamie
et al. in [27].
From the lognormality of path gains P (θi), it should not be
surprising that also the RMS-DS is lognormally distributed
since lognormality is preserved under scaling and power,
and quasi-preserved under addition. This was verified for the
case of IH PL links, where all considered lognormality tests
succeeded at the 5% significance levels - including the two
conditional cases introduced for the IH PL sub-urban case.
Although the Kolmogorov-Smirnov test confirmed that G and
log(στ ) belong to the same distribution, lognormality was not
confirmed by all tests for the RMS-DS of the MV PL data set.
However, after removing ten potential outliers corresponding
to the smallest RMS-DS values, lognormality was confirmed
by all statistical tests with a pValue ranging between 0.2 and
0.5. The fact that small values of RMS-DS cause a deviation
from lognormality should not be surprising as confirmed by
Figure 6 in [17] where the quantile-quantile plot of log(στ )
versus normal quantiles shows a small deviation from the
linear trend at low RMS-DS. Further confirmation of this
behavior on the basis of simulation results has also been
recently reported in [30] for the RMS-DS of short indoor
loops.
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Fig. 1: Scatter plot of measured indoor power line channels with least squares
trend lines: US sub-urban black circle) and US urban (red square) homes.
III. ON THE RELATIONSHIP BETWEEN CHANNEL GAINS
AND RMS-DS:A UNIVERSAL PROPERTY OF WIRELINE
CHANNELS
The early results reported in [17], [31] are confirmed here
for the case of IH links (see Figure 1) as well as for other
wireline channels like the UG MV, IH CX, IH PH, and DSL
S. GALLI : A NOVEL APPROACH TO THE STATISTICAL MODELING OF WIRELINE CHANNELS 5
TABLE I: Statistical values in dB and in µs of the measured channel attenuation AdB = −GdB and the measured RMS-DS στ of US IH LV and MV
underground links. In the case of sub-urban homes, we also report statistical values of the conditional distribution of RMS-DS when AdB > 45 dB. We have
used 60, 40 and 59 measured channels for the IH sub-urban, IH urban, and MV cases, respectively.
IH PLC - sub-urban IH PLC - urban MV PLC
AdB στ (µs) στ |AdB>45 (µs) AdB στ (µs) AdB στ (µs)
Min 19.7 0.10 0.2 14.5 0.11 10.2 0.17
Max 68.1 1.73 1.7 65.1 0.47 82.5 0.78
Mean (µ) 48.9 0.52 0.6 41.5 0.23 45.2 0.52
Std. Dev. (σ) 9.8 0.28 0.3 13.4 0.09 13.2 0.15
Kurtosis 3.9 7.60 7.7 2.3 3.82 4.9 2.79
Skewness -0.6 1.70 1.8 -0.4 0.87 0.7 -0.60
50%-Percentile 49.4 0.46 0.5 44.3 0.23 43.7 0.55
90%-Percentile 60.4 0.94 1.0 58.1 0.34 61.1 0.68
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Fig. 2: Scatter plot of measured and simulated channels with least squares
trend lines: measured underground MV PLC links (green circles), simulated
indoor phone lines (blue squares), and simulated indoor coax links (red
triangles).
ones (see Figures 2 and 3). The scatter plots are shown together
with a trend line given by the equation below:
στ,µs = α ·GdB + β (8)
where στ,µs is the RMS-DS in µs and GdB is the average
channel gain in dB. In some cases, a higher correlation was
found between channel gains and the logarithm of the RMS-
DS so that in some cases we also report the line equation that
ties log(στ,µs) and GdB :
log(στ,µs) = θ ·GdB + ζ (9)
Parameters α, β, θ and ζ are calculated using a robust
iteratively reweighted least squares algorithms with a bi-square
weighting function that assigns a smaller weight to data points
farther from model prediction. All robust regression lines
exhibit a negative slope clearly confirming that channel gains
and RMS-DS (and its logarithm) are negatively correlated.
Therefore, channels with large RMS-DS (severe ISI) are also
characterized by small channel gains (large attenuation and,
thus, also low SNR for fixed transmit power), and vice versa.
Correlation between channel gain and RMS-DS appear to be
a property common to all examined wireline channels. How-
ever, lognormality was not always confirmed by all statistical
tests. This probably depends on the fact that in some cases too
few data samples were available to give an accurate answer.
Tables I and II report notable statistical values for the
average channel gains (dB) and the RMS-DS (µs) of IH PL
(urban and sub-urban), UG MV PL, IH CX, IH PH, and DSL
(ANSI and CSA). In the next Sub-Sections, we will investigate
in detail these cases and report the values of the parameters
in eqs. (8) and (9) for each scenario. Furthermore, the same
statistical tests described in Sect. II have been carried out on
all data sets to investigate the distribution of gains and RMS-
DS. The results presented in this Section are summarized in
Table III, together with the results presented in the previous
Section.
A. In-Home Power Line Links
The correlation coefficients between average channel gains
and RMS-DS are -0.4 and -0.5 for the US sub-urban and urban
cases, respectively. The robust regression parameters α and β
have the following values:
• α = −0.094 µs/dB; β = 0.02µs (US sub-urban)
• α = −0.0028 µs/dB; β = 0.089µs (US urban)
The higher kurtosis of the RMS-DS of US sub-urban homes
can be immediately verified by noting the dispersion of data
points around the trend line.
We have observed that the correlation coefficients slightly
increase when the logarithm of the RMS-DS is considered.
Specifically, the correlation coefficients between GdB and
log(στ,µs) are -0.5 and -0.6 for the US sub-urban and urban
cases, respectively. The robust regression parameters θ and ζ
have the following values:
• θ = −0.027 µs/dB; ζ = −2.12µs (US sub-urban)
• θ = −0.0167 µs/dB; ζ = −2.26µs (US urban)
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TABLE II: Statistical values in dB and in µs of channel attenuation AdB = −GdB and RMS-DS στ of simulated CX, PH, and DSL links. We have used a
data set of 22, 16, 13, and 10 channels for the IH CX, PH, DSL-ANSI, and DSL-CSA cases, respectively.
IH CX IH PH DSL-ANSI DSL-CSA
AdB στ (ns) AdB στ (µs) AdB στ (µs) AdB στ (µs)
Min 33.0 10 1.8 0.001 58.6 13.2 50.8 5.2
Max 45.2 46.1 25.6 0.43 65.2 27.2 57 10.9
Mean (µ) 40.3 21.6 14.4 0.15 60.1 18.0 53.1 7.1
Std. Dev. (σ) 3.9 15.3 4.8 0.13 2.0 4.3 1.8 1.6
Kurtosis 2.1 1.92 7.3 3.4 3.6 3.0 4.0 5.9
Skewness -0.6 0.94 -0.4 1.2 1.0 0.86 1.1 1.6
50%-Perc. 41.4 11.7 14.7 0.1 60.4 17.3 52.7 6.6
90%-Perc. 44.8 45.9 17.6 0.4 63.7 23.8 56.2 9.8
As already mentioned in Sect. II, lognormality of GdB and
στ has been confirmed for both the sub-urban and urban cases
by all statistical tests.
B. Underground MV Power Line Links
The correlation coefficient between average channel gain
and RMS-DS is -0.65 and the robust regression parameters α
and β have the following values:
• α = −0.0075 µs/dB; β = 0.183µs (MV PL)
For this case, we have not found that the correlation
coefficient increases when the the logarithm of the RMS-DS
is considered. As mentioned in Sect. II, lognormality of GdB
and στ has been confirmed provided that suspect outliers were
eliminated.
C. In-Home Coaxial Links
For the IH CX case, we have used a very accurate software
IH CX channel simulator. The impulse responses of 22 typical
IH CX topologies as the ones presented in [32], [33] were
generated and the observed correlation between GdB and στ
was found to be -0.4.
Statistical values for gains dB and RMS-DS (µs) are re-
ported in Table II and the robust regression parameters are:
• α = −0.0016 µs/dB; β = −0.044µs
For this case, we have not found that the correlation coef-
ficient increases when the the logarithm of the RMS-DS is
considered.
All employed normality tests confirmed at the 5% signifi-
cance level the lognormality of channel gains, with a minimum
pValue of 0.1. However, only the Jarque-Bera and Chi-square
tests confirmed lognormality of RMS-DS even though the
Kolmogorov-Smirnov test confirmed that GdB and log(στ )
come from the same distribution. Empirical data is necessary
to assess conclusively the distribution of RMS-DS in IH CX
links.
D. In-Home Phone Links
For the IH PH case, we have used a very accurate software
channel simulator. We have computed the impulse responses
of 16 IH PH wiring topologies. Specifically, we have used the
ten topologies given in the ITU-T G.9954 Recommendation
[33] plus additional 6 obtained by terminating on an open
termination all the bridged taps in the G.9954 topologies - the
reason for doing so was to increase the number of available
data samples. The correlation between GdB and στ was found
to be -0.2, which is much lower than what has been observed in
the other wireline channels analyzed here. However, when the
logarithm of the RMS-DS is considered then the correlation
coefficient grows considerably to -0.6. The larger correlation
between channel gains and the logarithm of the RMS-DS
found in IH PH has also been encountered in outdoor phone
lines - see Sect. III-E on DSL and Table III.
The robust regression parameters are:
• α = −0.005 µs/dB; β = 0.054µs (Indoor PH)
• θ = −0.007 µs/dB; ζ = −2.27µs (Indoor PH)
Lognormality of channel gains has not been confirmed
as the considered statistical tests gave mixed results, some
tests confirmed lognormality and some did not. As far as
the RMS-DS, lognormality was confirmed after removing one
single outlier (the smallest value equal to 1 ns). Although the
Kolmogorov-Smirnov test confirmed that GdB and log(στ )
come from the same distribution, additional data is necessary
to assess conclusively the distribution of the gains of IH PH
links.
Remark 1: Although it may be possible to find in the field
the phone topologies reported in Recommendation ITU-T
G.9954, it is also important to point out that those topologies
were chosen with the explicit goal of “stressing” equalization
performance tests. As a consequence, the RMS-DS values of
the channels based on these topologies tend to be larger than
what is usually found in the field and the operation of opening
all the bridged tap terminations has also exacerbated this trend.
Therefore, the clearly visible outliers present in the scatter plot
of Figure 2 should be considered really rare to find in the field.
E. DSL Links
Figure 3 reports the GdB − στ scatter plot obtained for
two types of DSL loops (CSA and ANSI) and for a straight
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AWG26 cable with no bridged taps and length ranging be-
tween 304.8 m (1 kft) and 5.5 km (18 kft). It is interesting
to note that large values of RMS-DS are generated even when
there is no multipath (straight AWG26 lines). In this case, all
ISI is generated by the low-pass behavior of cables which is
more pronounced in longer cables.
The plot in Figure 3 also shows that the ten CSA and the
thirteen ANSI topologies give rise to the channel gains and
RMS-DS similar to those of straight AWG26 cables of length
ranging between 2.3-3.4 km (7.5-11 kft) and 3.7-5.3 km (12-
17.5 kft), respectively. The correlation between GdB and στ
was found to be the highest of all investigated cases: -0.97 for
ANSI loops and -0.95 for CSA loops.
Statistical values for gains dB and RMS-DS (µs) are re-
ported in Table II, columns five and six. The robust regression
parameters are given below:
• α = −0.833 µs/dB; β = −37µs (DSL-CSA)
• α = −2.1 µs/dB; β = −109µs (DSL-ANSI)
An interesting thing to note in Figure 3.(a) is the similarity
between the exponential-like relationship between gains and
RMS-DS in straight AWG26 cables and the exponential outer-
bound for the RMS-DS versus path-loss (including shadowing)
reported by several authors for the cellular environment [34],
[35], [36]. Furthermore, the exponential relationship between
GdB and στ becomes a linear relationship (correlation coef-
ficient of 0.99) between GdB and log(στ ) as shown in Figure
3.(b). Linear correlation between GdB and log(στ ) extends to
both short and long DSL links, whereas both CSA and ANSI
loops show a good correlation also between GdB and στ . The
parameters expressing this linear relationship are given below:
• θ = −5.6 µs/dB; ζ = −0.139µs (DSL-AWG26)
• θ = −3.85 µs/dB; ζ = −0.109µs (DSL-CSA)
• θ = −3.81 µs/dB; ζ = −0.11µs (DSL-ANSI)
Lognormality of channel gains and RMS-DS has been
confirmed by all tests for the ANSI, and CSA. For the straight
AWG26 case, lognormality of channel gains and RMS-DS has
been confirmed by all statistical tests with the exception of the
Shapiro-Wilk that returned a pV alue of 0.045 for the RMS-
DS case. The same tests confirmed also normality of all the
data sets, thus additional data is needed to assess conclusively
the distribution of channel gains and RMS-DS.
F. The Wireless case
The correlation between channel gain (path loss) and RMS-
DS reported here for wireline channels has been also observed
in both indoor and outdoor radio channels [37], [38], [34],
[39], although a review of the literature up to a 1994 shows that
this correlation has been generally ignored [40]. Interestingly,
this correlation has also been found to hold in the presence
of shadowing for urban macrocellular environments [35] and
Greenstein et al. also conjecture that this may be true more
in general thus suggesting that dispersion will tend to worsen
under conditions of deep shadow [36].
Notwithstanding an increasing awareness of this correlation
in the wireless context, it is not uncommon to find wireless
channel models that contain normalized gains so that the
effects of the double hit due to simultaneous large dispersion
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Fig. 3: Scatter plot of simulated channels with least squares trend lines in
the: (a) RMS-DS vs channel gains; (b) log(RMS-DS) vs channel gains. (Red
Circles) ANSI DSL loops; (Black circles) CSA DSL loops; (Green squares)
single section AWG26 cables, from 304.8 m (1 kft) to 5.5 km (18 kft)
with 304.8 m (1 kft) increments.
and high attenuation are not correctly replicated. These con-
siderations may also be extended to the MIMO context where
the vast majority of the literature focuses on the multipath
properties of the channel and thus carries out a normalization
of the SNR out of the channel matrix. However, the corre-
lation between path loss and multipath confirms that it may
be methodologically flawed to carry out this normalization
since it implies that channel multipath and available SNR are
independent quantities. Recent contributions have pointed out
the necessity of exercising some caution when normalizing the
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TABLE III: Summary of results presented in Sects. II and III. Columns 1 and 2 report whether channel gains and RMS-DS are confirmed to be lognormally
distributed by all the statistical tests listed in Sect. II. Columns 3 and 4 report the correlation coefficients between channel gains and the RMS-DS or its
logarithm.
GdB στ ρ(GdB , στ ) ρ(GdB , log(στ ))
Urban In-Home PLC Lognormal Lognormal -0.5 -0.6
Sub-Urban In-Home PLC Lognormal Lognormal -0.4 -0.5
Underground MV PLC Lognormala Lognormala -0.7 -0.7
In-home coaxial Lognormal Mixed results -0.4 -0.4
In-home phone lines Mixed results Lognormala -0.2 -0.6
DSL-CSA loops Normal/Lognormal Normal/Lognormal -0.95 -0.95
DSL-ANSI loops Normal/Lognormal Normal/Lognormal -0.97 -0.95
a After removing outliers.
SNR in MIMO system performance studies [41], [42], [43].
IV. IMPLICATIONS OF G− στ CORRELATION ON
ISI-MITIGATION TECHNIQUES
The fact that channel RMS-DS is proportional to channel
attenuation has implications on channel equalization, both in
single carrier and in multi-carrier systems. Nevertheless, this
aspect has been largely ignored in the literature.
Typically, channel models contain some sort of common
channel gain normalization whereas dispersiveness of the
channel remains unchanged. Equalizer performance is then
assessed by varying noise power which artificially varies the
channel SNR. However, multipath richness and SNR do not
vary independently from each other so that the choice of the
right ISI-mitigation technique for a specific application may
not be the correct one if the effects of normalization are not
taken into account. For example, it is common practice in
the literature to evaluate and compare equalizers performances
on a given link for SNR values ranging several tens of
dB. However, since large ISI is experienced only in highly
attenuated channels (for fixed transmission power, this also
implies low SNR), equalizers effectiveness on ISI-dominated
channels is meaningful at low SNR values for a given link; on
the other hand, the effectiveness of an equalizer on channels
with low ISI is meaningful at high SNR values.
Similar considerations can be made for the case of multi-
carrier systems where ISI is handled by resorting to a Guard
Interval (GI). According to common design approaches, the
GI of an OFDM symbol is chosen so as to ensure nearly full
equalization, i.e. the GI length is set to be equal to the duration
of the impulse response that includes a rather high percentage
of the total impulse response energy. Such a choice for the
GI ensures nearly full equalization and, thus, a very high
Signal-to-Interference power Ratio (SIR) - where interference
is here defined as the sum of the contributions of ISI and Inter-
Carrier Interference (ICI)2. Longer GIs for the same OFDM
symbol duration imply lower transmission efficiency and this
2) In OFDM systems with insufficient GIs, ICI power is the same as ISI
power if the channel duration extending beyond the GI is small compared
to the OFDM symbol duration NTS [44]. Thus, in the following, we will
generically refer to “interference” as the sum of the ISI and ICI components.
can be compensated by increasing the number of employed
sub-carriers (for the same bandwidth). Thus, full equalization
in OFDM always implies either a decrease of the data rate
due to lower transmission efficiency or an increase in circuit
complexity due to the increase of the number of carriers.
If the GI is not long enough, then the received signal is
affected by both ISI and ICI. Since data symbols in two
adjacent OFDM symbols are statistically independent, the total
(ISI plus ICI) interference power is the sum of the ICI and
ISI powers. Therefore, the total received power PR(k) on the
k-th sub-channel at the output of the DFT can be written as
(M is the number of sub-carriers, ν the number of samples in
the CP):
PR(k) =
M
M + ν
PT |Hk|2 +N0 (10)
=
M
M + ν
PT (PU (k) + PI(k)) +N0 (11)
where PU (k) and PI(k) denote the power contributions (on
the k-th subcarrier) to the useful signal and to the interference,
respectively. Recalling that both ICI and ISI powers are
independent of the sub-carrier index and functions of M and
ν [44], we can write the following Signal to Noise plus
Interference Ratio (SNIR):
SNIR(M,ν) =
M
M+νPTPU (M,ν)
M
M+νPTPI(M,ν) +N0
(12)
=
M
M+νPTPU (M,ν)
M
M+νPT (G− PU (M,ν)) +N0
(13)
where we have dropped the dependency of k and explicitly
shown the dependency on M and ν.
The expression of the achievable bit rate CMC(M,ν) for
the case of a partially equalized multi-carrier system is a
logarithmic function of (12) and, thus, will also depend
on M and ν. As the CP decreases, transmission efficiency
M/(M + ν) will increase while PU (M,ν) will decrease and
PI(M,ν) will increase as more ISI and ICI will be present. As
the CP increases, transmission efficiency will decrease while
PU (M,ν) will grow towards the channel gain G and PI(M,ν)
will decrease to zero. Clearly, for a channel with a given
S. GALLI : A NOVEL APPROACH TO THE STATISTICAL MODELING OF WIRELINE CHANNELS 9
gain, RMS-DS and N0, there exists an optimal (M,ν) pair
that maximizes the achievable data rate. When N0 is high,
more channel distortion (shorter CP, larger PI(M,ν)) can be
allowed as long as M/(M + ν)PTPI(M,ν)  N0 as this
would increase achievable data rate due to the increase of the
transmission efficiency M/(M+ν); on the other hand, if N0 is
small, little channel distortion (longer CP, smaller PI(M,ν))
can be allowed since a large M/(M + ν)PTPI(M,ν) would
cause a drop in the achievable SNIR.
The above considerations confirm that the achievable data
rate depends on SNIR through G and ν, and ν is typically
chosen on the basis of στ that is correlated to G. Thus, the
capability of a channel model to replicate this correlation is
important for the correct assessment of the performance of a
multi-carrier scheme.
Remark 2: The negative correlation between RMS-DS and
channel gains suggest that full equalization in multi-carrier
systems is indeed a sub-optimal choice when the channel is
noise limited as pointed out in [45]. The immediate advantage
of pursuing partial equalization is that transmission efficiency
increases without the need to increase the number of carriers
which raises complexity - see also Sect. IV.B in [17]. This
conclusion is in line with [46] where the Authors noted
that sometimes there is an advantage in letting some taps
“escape” the GI, especially when the probability of having
a long channel response is small. The fact that the probability
that a channel has a large RMS-DS is directly proportional
to the probability that a channel has a large attenuation
becomes very important in noise limited channels like the PLC
one. In fact, the data rate increase gained by shortening the
GI is “protected” by the fact that noise is generally larger
than ISI/ICI and that SNR and SIR decrease simultaneously
when links characterized by both high attenuation and large
RMS-DS are encountered. This result has also been recently
confirmed on the basis of simulations results by Tonello et al.
[47].
V. THE PROPOSED CHANNEL MODELING APPROACH
The proposed statistical channel modeling approach starts
with defining the desired impulse response h?(t) as:
h?(t) =
L−1∑
k=0
h?[k]δ(t− kτ?), (14)
where taps are equi-spaced and τ? is not necessarily equal to
the sampling time TS . The reason for using a delay different
from TS is to allow for imposing a specific RMS-DS on the
generated impulse response.
The impulse response h?(t) is the physical baseband chan-
nel response. In practice, most modems do not operate over
baseband but in passband. For example, broadband commu-
nication over PLs typically occurs in the frequencies above
2 MHz, communications over PH occurs above voice band,
and communications over CX is often at RF. The equivalent
impulse channel response h?eq(t) seen at the receiver is given
by the convolution of the physical channel response with
the transmit pulse shaper and the receive anti-aliasing filter.
Assuming that the cascade of transmit and receive filters has
a Nyquist characteristic p(t), we can write the equivalent
impulse response h?eq(t) = h
?(t) ? p(t) directly in the discrete
time as follows (k = 0, 1, . . . , L− 1):
h?eq[k] =
∫ ∞
∞
h?(τ)p(kTS − τ)dτ (15)
where p(t) is the low pass equivalent kernel of the passband
filter which can be easily obtained by taking the Inverse
Fourier Transform of the corresponding frequency response
down-shifted by the carrier frequency.
The above expression holds for LTI channels, but not for
LTV channels as the LTV physical channel and the LTI receive
filter kernels cannot be swapped. For the LTV channel case,
we then have:
h?eq[k, l] =
∫ ∞
−∞
∫ ∞
−∞
h?(kTs−ξ, τ)p′(lTs−τ−ξ)p′′(ξ)dτdξ,
(16)
where p′(t) is the transmit pulse shaping filter, p′′(t) is the
receive filter, p(t) = p′(t) ? p′′(t) and h?(t, τ) is the response
of the LTV channel.
Channel time-variance is of practical interest here since the
PLC channel has been found to be a Linear and Periodically
Time Varying (LPTV) channel [48], [49], [50], [51]. An LPTV
channel with period f0 = 1/T0 is such that h(t + kT0, ξ) =
h(t, ξ),∀k ∈ Z. Although the modeling approach proposed
here is limited to the generation of LTI channel realizations, it
can still be used to generate LPTV channel realizations since
LTI models are indeed sufficient to generate LPTV realizations
using, for example, the LPTV Zadeh decomposition [52].
More in detail, Zadeh introduced the following expansion valid
for LPTV systems:
h(t, τ) =
+∞∑
m=−∞
hm(τ)e
j 2pimT0
t (17)
where hm(τ) are the so-called harmonic impulse responses:
hm(τ) =
1
T0
∫ T0
0
h(t, τ)e−j2pimf0tdt (18)
In Zadeh’s expansion, an LPTV channel is equivalently repre-
sented as a bank of LTI channels whose outputs are modulated
by Fourier harmonics with frequencies that are integer multi-
ples of the fundamental frequency 1/T0. Estimators for hm(τ)
can be found in [50], [53].
We can now give the procedure for generating LTI chan-
nel realization according to the proposed statistical channel
modeling approach:
1) Impose the Power-Delay Profile (PDP) shape by choos-
ing L and setting channel tap amplitudes h?[k], (k =
0, 1, . . . , L− 1) according to a specific criterion, e.g. at
random, exponentially, equi-powered, etc. Channel taps
can be positive, negative, real or complex.
2) Extract A
?
dB = −G
?
dB from a lognormal distribution
appropriate for the scenario being simulated, e.g. using
the values in Tables I-II.
3) Compute the RMS-DS value σ?τ corresponding to the
extracted value of A
?
dB as follows:
a) If the RMS-DS kurtosis of the considered scenario
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is comparable to or lower than 3 (the kurtosis of
a Gaussian distribution) then use the regression
equation in (8) or (9).
b) If the RMS-DS kurtosis of the considered scenario
is larger than 3, then extract a random variable
from the conditional distribution - e.g. see the one
introduced in Sect. II-B for the IH sub-urban case.
4) Normalize h?(t) so that 10log(
∑
k |h?[k]|2) = G
?
dB .
5) Set τ? in (14) so that h?(t) has an RMS-DS equal to
the desired σ?τ set in Step 2 by doing as follows:
a) Compute the RMS-DS σTS of h
?(t) in (14) when
posing τ? = TS ;
b) Set τ? in the model of (14) as follows:
τ? =
σ?τ
σTS
TS (19)
Step 2 exploits the fact that all investigated wireline chan-
nels exhibited lognormal channel gains. Although in Sect. III
we reported that in some cases there was an uncertainty in the
determination of the distribution of RMS-DS, this uncertainty
can be by-passed by avoiding to extract randomly the target
RMS-DS σ?τ and by setting it using the robust regression line
as directed in Step 3a).
In Step 3 above, we have taken into account that the re-
gression equation (8) may not be accurate in certain scenarios.
The choice between Steps 3.a) and 3.b) should be made on
a case-by-case basis. For example, for strongly leptokurtic
distributions as the US sub-urban one, the regression line is
not accurate at low channel gains (see Figure 1); in this case,
it would be better to draw στ from a lognormal distribution
with parameters as in Table II when the value of the channel
gain GdB is lower than a certain thershold. As the scatter plot
in Figure 1 confirms, the regression equation in (8) is accurate
enough for computing the RMS-DS corresponding to a given
channel gain for the US urban case.
Since the correlation between channel gains and RMS-DS
is a property shared by several wireline channels, the channel
modeling approach presented here can be used in a wide
variety of cases. Its capability of replicating this physical
property allows for a more realistic assessment of equalizers’
effectiveness or multi-carrier’s design, something not always
ensured by other standardized channels models which contain
some sort of SNR normalization that allows channels with the
same normalized gain to exhibit wide variations of RMS-DS.
In Figure 4, we show two realizations of IH PL channels ob-
tained using the above procedure. These two realizations have
been obtained using Guassian distributed channel taps h?[k]
and similar results can be obtained using other distributions
for the tap amplitude, e.g. uniform, lognormal, etc.
A. A Simple Two-Tap Channel Model
The modeling approach proposed here allows us to obtain
channel realistic channel realizations. It is certainly appealing
to define a very simple statistical channel model as a particular
case of the general procedure given earlier. This can be done
choosing a simple model with two equi-amplitude taps whose
amplitude and differential delay yield to channel realizations
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Fig. 4: Examples of channel realizations in the [0-30] MHz band obtained
using the proposed channel model for the case of randomly generated
Gausssian distributed taps and after raised cosine filtering with roll off equal
to 0.2: (a) G?dB = −50 dB, σ?τ = 0.2 µs, and L = 50 taps. (b)
G
?
dB = −50 dB, σ?τ = 1.3 µs, and L = 1000 taps.
where gains and RMS-DS are correlated random variables.
Channel models based on a two-path model are not new
as they have been used in wireless TDMA standards (IS-
54, IS-136, GSM) or for the High Frequency (HF) radio
channel. These models specify two equal-power independently
faded rays spaced by a fixed delay where delay values are
tabulated values that mimic specific link conditions. This
simple two-tap wireless modeling allowed easy comparison
between competing schemes. The novelty of the modeling
approach proposed here is that tap amplitude and differential
delay are not fixed, tabulated, and independent values but they
are correlated random variables.
An interesting question that naturally arises is the following:
how important the specific PDP shape of the channel is? An
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important result by Glance and Greenstein [54] states that, if
the RMS-DS of a channel is less than 20% of the symbol
duration time, the dispersion effects of the channel (in terms
of BER vs SNR) are fully characterized by the RMS-DS alone
and are independent of the specific PDP shape. On the other
hand, if the RMS-DS is larger than 20% of the symbol period,
then the effects of dispersion are dependent on the specific
PDP shape. This is relevant to the case addressed here since
the RMS-DS of wireline channels is always less than 20% of
the symbol duration time3.
The underlying assumptions made in [54] are: single carrier
narrowband links, low order modulations (BPSK, QPSK), ISI
present at the receiver (partial or no equalization performed).
Under these assumptions, the actual shape of the PDP is then
not critical for the performance evaluation of some single
carrier wireline standards, e.g ISO/IEC 14908 (Loneworks),
ISO/IEC 14543 (KNX), CEA-600.31 (CEBus) and ITU-T
G.9954. However, in the past several years, industry has
converged towards adopting multi-carrier schemes for wireline
channels, e.g. TIA-1113 (HomePlug 1.0), IEEE 1901 Broad-
band over Power Lines4 [26], and ITU-T Recommendation
G.9960/G.9961 (G.hn) [57] - for an updated overview of
all PLC standards see [58]. In the multi-carrier case, the
actual PDP shape may be sometimes relevant to performance
evaluation and this depends on the type of bit loading adopted,
CP length, and so on. In those cases where the PDP shape is
indeed relevant, then the proposed approach is still suitable
for a comparative analysis of communication schemes and
any generalization of results would of course require testing
against multiple PDP families - which can still be done using
the five-step approach outlined earlier.
Let us now consider the simplest possible ISI-channel
model, i.e. a two-tap channel. In this case, gain and RMS-
DS are given by the following expressions:
GdB = 10 log(G) = 10 log(|h1|2 + |h2|2) (20)
στ =
|h1 · h2|
|h1|2 + |h2|2 τ (21)
Thus, in the simplest case of a two-tap equi-powered channel,
the last two steps 4) and 5) of the general channel generation
procedure given earlier can be replaced with the following
simplified steps:
4′) Set the energy of the two channel taps as |h?|2 =
|h1|2 = |h2|2 = 0.5 · 10G
?
dB/10.
5′) Set the differential delay in the two-tap model as
τ? = 2σ?τ .
The resulting two-tap channel model would then be:
h?(t) = h?[δ(t) + δ(t− τ?)] ⇔ H(f) = h?[1 + e−j2pifτ? ]
(22)
Although simple, a two-tap channel generated using the
proposed approach is able to generate channels with strong
frequency selectivity such that sub-carriers experience a wide
3) In the case of DSL, this is true only when channel shortening is
performed at the receiver and this is usually the norm.
4) The IEEE 1901 Draft Standard specifies two PHY/MACs (one based on
HomePlug’s FFT-OFDM [55] and one based on Panasonic’s Wavelet-OFDM
[25]) and a coexistence scheme called Inter-system Protocol (ISP) [56].
range of channel attenuation values. On the other hand,
using only two channel taps introduces periodic features in
the transfer function for values of RMS-DS above a certain
threshold.
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Fig. 5: Capacity CDF curves calculated for the US sub-urban IH PLC case.
Solid bold black: empirical data. Solid bold red: 5,000 channel realizations
with a two-tap equi-amplitude PDP or a randomly generated PDP with L > 4
(curves overlap). Dashed blue: 100 channel realizations with various PDPs and
L ≥ 2 (random, two-tap, etc.).
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Fig. 6: Same as in Figure 5, but for the case of US urban homes.
VI. CAPACITY AND COVERAGE CURVES
In this Section we will show how the proposed statistical
channel model yields results that are close to the ones ob-
tained through measurements. We consider here the PLC case
because of the availability of empirical data.
In a first set of simulations, we have compared the empirical
Cumulative Distribution Function (CDF) of channel capacity
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with the CDF obtained when channel realizations are gener-
ated using the proposed statistical channel model. The CDF
plots of capacity are useful to calculate the coverage that can
be achieved in a house, i.e. the percentage of outlet pairs that
are able to support a certain data rate. Achievable capacity can
be expressed as:
C = W
∑
k∈K
log2
(
1 +
SNRk
Γ
)
bits/sec (23)
where k is the sub-channel index, K is set of sub-channels
carrying information, W is the utilized frequency band, and
Γ represents an SNR gap factor from Shannon capacity that
accounts for the deployment of practical modulation and
coding schemes [59]. This gap measures the efficiency of
the transmission scheme with respect to the best possible
performance in Additive White Gaussian Noise (AWGN) and
can be approximated in dB as follows: ΓdB ≈ 9.8 + γm− γc,
where γc is the the coding gain in dB ensured by the employed
line code and γm is the desired system margin in dB.
For the simulations, we have considered: a bandwidth W =
28MHz as today’s broadband PLC devices operate in [2−30]
MHz; a transmit power density of PT = −55 dBm/Hz; a
white noise power density of N0 = −120 dBm/Hz5; a gap
of ΓdB = 7 dB. In calculating the gap, we have considered
a coding gain of 8.8 dB [60] and a classical 6 dB margin.
A practical spectral efficiency cap of 12 bits/sec/Hz was also
imposed.
CDF plots are shown in Figures 5 and 6 for the two cases
of US urban and sub-urban IH PLC, respectively. In the sub-
urban case, there is a significant discrepancy between the
empirical CDF and the CDF obtained using 5,000 channel
realizations. However, when a smaller sample of channel
realizations is used, the statistical model is able to generate
a family of CDF curves that include CDFs very close to the
empirically observed one. Thus the discrepancy observable in
Figure 5 should not be attributed to an incapability of the
proposed channel model to replicate empirical results but to
the fact that most likely the collected measurements represent
a pessimistic data set. On the other hand, the urban measured
data set is very close to the one obtained via simulation.
Interestingly, the CDF obtained using 5,000 channel realiza-
tions with L > 4 randomly generated taps coincides with
the CDF obtained using 5,000 two-tap equi-powered channel
realizations.
As is well known, capacity strongly depends on the SNR
available at the receiver. We have verified that capacity varies
linearly with channel gains (path loss). Figure 7.(a) clearly
confirms the linear trend for the case of the IH PLC channel
with measured correlations of 0.96 and 0.98 for the urban
and sub-urban cases, respectively. Since there is a correlation
between channel gains and RMS-DS, there is also a correlation
between SNR and RMS-DS when fixed transmit power is
considered. Thus, it should not be surprising that capacity
should also depend (indirectly) on channel RMS-DS. This is
5) Noise in PLC is not AWGN, and is often impulsive, colored and non-
Gaussian [29]. To account in part for those components, we have chosen a
higher than usual noise power density N0.
confirmed by the plot in Figure 7.(b) where a marked trend
of inverse proportionality between capacity and RMS-DS can
be observed. These results suggest that channels characterized
by multipath richness (large RMS-DS) are also characterized
by low channel capacity. This dependency of channel capacity
on RMS-DS is reported here for the first time.
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Fig. 7: Capacity versus channel gain GdB (a) and versus RMS-DS (b) for
two cases of measured IH PLC channels: US sub-urban (black circle) and US
urban (red square).
VII. CONCLUSIONS
The transfer function of a TL-based channels can be accu-
rately and deterministically calculated once the link topology
is known in a way that is similar to (albeit much easier than)
the wireless case (ray tracing). However, the variability of link
topologies and wiring practices gives rise to a stochastic aspect
of TL-based channels that has been seldom accounted for in
the literature.
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We presented a novel and yet simple approach to the
modeling of TL-based channels that can be used for the
comparative analysis of modulation and coding schemes. The
fundamental feature of the proposed statistical model is that it
mimics a fundamental property of several wireline channels:
the negative correlation between channel gain and RMS-DS.
The proposed statistical modeling approach can be employed
to simulate a wide variety of wireline channels and allows
generating any channel power-delay profile including a con-
venient and simple two-tap one. Furthermore, the proposed
model allows accurate capacity and coverage analysis, multi-
carrier parameter optimization, appropriate interpretation of
equalization performances, and also lends itself to an extension
that allows modeling LPTV channels such as the PLC one.
Specific scenarios can be simulated by setting the param-
eters of the model on the basis of empirical data obtained
by grouping measurements according to a specific criterion,
e.g., on the basis of country, on the basis of house type, etc.
Defining specific scenarios on the basis of statistical informa-
tion would allow easy replication of results and comparative
analysis of communications techniques - something that today
is still difficult in the PLC context because of the lack of a
commonly agreed upon statistical channel model.
Since sharing of statistical averages is often much easier
than exchanging actual impulse response measurements, we
believe that the proposed model can become a reference
channel model for evaluating communications schemes over
a wide variety of wireline physical channels.
ACKNOWLEDGMENT
The Author wishes to express his gratitude to Nobuhiko
Noma and Hisao Koga of Panasonic for taking the US urban
power line channel measurements and to Brent Zitting of IBEC
for generously sharing the underground MV power line data.
Special thanks also to Kate Wilson and Larry Greenstein for
their very valuable feedback that helped improving the paper.
REFERENCES
[1] M. Zimmermann and K. Dostert, “A Multipath Model for the Powerline
Channel,” IEEE Trans. Commun., vol. 50, no. 4, pp. 553 – 559, Apr.
2002.
[2] S. Galli and T. Banwell, “A Deterministic Frequency-domain Model for
the Indoor Power Line Transfer Function,” IEEE J. Sel. Areas Commun.,
vol. 24, no. 7, pp. 1304–1316, Jul. 2006.
[3] S. Galli and D. L. Waring, “Loop makeup identification via single ended
testing: Beyond mere loop qualification,” IEEE J. Sel. Areas Commun.,
vol. 20, no. 5, pp. 923–935, Jun. 2002.
[4] J. Barnes, “A physical multi-path model for power distribution network
propagation,” in Intl. Symp. on Power Line Commun. and Its Appl.
(ISPLC), Tokyo, Japan, Mar. 24–26, 1998.
[5] H. Philipps, “Modelling of Powerline Communications Channels,” in
Intl. Symp. on Power Line Commun. and Its Appl. (ISPLC), Lancaster,
UK, Mar. 30 – Apr. 1, 1999.
[6] M. Zimmermann and K. Dostert, “A Multi–Path Signal Propagation
Model for the Power Line Channel in the High Frequency Range,” in
Intl. Symp. on Power Line Commun. and Its Appl. (ISPLC), Lancaster,
UK, Mar. 30 – Apr. 1, 1999.
[7] H. Meng, S. Chen, Y. Guan, C. Law, P. So, E. Gunawan, and T. Lie, “A
transmission line model for high-frequency power line communication
channel,” in IEEE Int. Conf. on Power Syst. Technol., PowerCon,
Kunming, China, Oct. 13–17, 2002.
[8] T. Banwell and S. Galli, “A new approach to the modeling of the
transfer function of the power line channel,” in Intl. Symp. on Power
Line Commun. and Its Appl. (ISPLC), Malmo¨, Sweden, Apr. 4–6, 2001.
[9] T. Sartenaer and P. Delogne, “Powerline cables modelling for broadband
communications,” in Intl. Symp. on Power Line Commun. and Its Appl.
(ISPLC), Malmo¨, Sweden, Apr. 4–6, 2001.
[10] T. Esmailian, F. Kschischang, and P. Gulak, “In-Building Power Lines
as High-Speed Communication Channels: Channel Characterization and
a Test Channel Ensemble,” Intern. J. of Commun. Syst., vol. 16, pp.
381–400, 2003.
[11] H. Meng, S. Chen, Y. Guan, C. Law, P. So, E. Gunawan, and T. Lie,
“Modeling of transfer characteristics for the broadband power line
communication channel,” IEEE Trans. Power Del., vol. 19, no. 3, pp.
1057–1064, Jul. 2004.
[12] T. Banwell and S. Galli, “A novel approach to the modeling of the indoor
power line channel - Part I: Circuit analysis and companion model,”
IEEE Trans. Power Del., vol. 20, no. 2, pp. 655–663, Apr. 2005.
[13] S. Galli and T. Banwell, “A novel approach to the modeling of the indoor
power line channel - Part II: Transfer function and its properties,” IEEE
Trans. Power Del., vol. 20, no. 3, pp. 1869–1878, Jul. 2005.
[14] P. Amirshahi and M. Kavehrad, “High-frequency Characteristics of
Overhead Multiconductor Power Lines for Broadband Communica-
tions,” IEEE J. Sel. Areas Commun., vol. 24, no. 7, pp. 1327–1338,
Jul. 2006.
[15] A. Tonello, “Wide band impulse modulation and receiver algorithms
for multiuser power line communications,” J. on Advances in Signal
Processing (EURASIP), vol. 2007, no. Article ID 96747, 2007.
[16] M. Tlich, A. Zeddam, F. Moulin, and F. Gauthier, “Indoor power-line
communications channel characterization up to 100 mhz - Part I: One-
parameter deterministic model,” IEEE Trans. Power Del., vol. 23, no. 3,
pp. 1392–1401, Jul. 2008.
[17] S. Galli, “A simplified model for the indoor power line channel,” in IEEE
Intl. Symp. on Power Line Commun. and Its Appl. (ISPLC), Dresden,
Germany, Mar. 29 – Apr. 1, 2009.
[18] S. Galli, A. Scaglione, and Z. Wang, “For the grid and through the
grid: The role of power line communications in the smart grid,”
to appear in Proceedings of the IEEE, 2011. [Online]. Available:
http://arxiv.org/abs/1010.1973
[19] “Powerline Channel Data,” ITU-T SG15/Q4, Geneva, Switzerland, Con-
tribution NIPP-NAI-2007-107R1, Jun. 4–15, 2007.
[20] B. O’Mahony, “Field testing of high-speed power line communications
in north american homes,” in IEEE Intl. Symp. on Power Line Commun.
and Its Appl. (ISPLC), Orlando, FL, Mar. 27–29, 2006.
[21] T. Banwell and S. Galli, “On the symmetry of the power line channel,”
in Intl. Symp. on Power Line Commun. and Its Appl. (ISPLC), Malmo¨,
Sweden, Apr. 4–6, 2001.
[22] N. B. Mehta, A. F. Molisch, J. Wu, and J. Zhang, “Approximating the
sum of correlated lognormal or lognormal-rice random variables,” in
IEEE Int. Conf. on Commun. (ICC), Istanbul, Turkey, Jun. 11–15, 2006.
[23] M. J. de Oliveira and A. Petri, “Generalized Lyapunov exponents for
products of correlated random matrices,” Phys. Rev., vol. E53, 1996.
[24] D. Liu, E. Flint, B. Gaucher, and Y. Kwark, “Wide band AC power line
characterization,” IEEE Trans. Consum. Electron., vol. 45, no. 4, pp.
1087–1097, Nov. 1999.
[25] S. Galli, H. Koga, and N. Kodama, “Advanced Signal Processing for
PLCs: Wavelet-OFDM,” in IEEE Intl. Symp. on Power Line Commun.
and Its Appl. (ISPLC), Jeju Island, Korea, Apr. 2–4, 2008.
[26] S. Galli and O. Logvinov, “Recent Developments in the Standardization
of Power Line Communications Within the IEEE,” IEEE Commun.
Mag., vol. 46, no. 7, pp. 64–71, Jul. 2008.
[27] K. Afkhamie, H. Latchman, L. Yonge, T. Davidson, and R. Newman,
“Joint optimization of transmit pulse shaping, guard interval length, and
receiver side narrow-band interference mitigation in the HomePlugAV
OFDM system,” in IEEE Workshop on Signal Processing Advances in
Wireless Commun. (SPAWC), New York, NY, Jun. 5–8, 2005.
[28] J. Abad, A. Badenes, J. Blasco, J. Carreras, V. Dominguez, C. Gomez,
S. Iranzo, J. Riveiro, D. Ruiz, L. Torres, and J. Comabella, “Extending
the power line lan up to the neighborhood transformer,” IEEE Commun.
Mag., vol. 41, no. 4, pp. 64–70, Apr. 2003.
[29] M. Gotz, M. Rapp, and K. Dostert, “Power line channel characteristics
and their effect on communication system design,” IEEE Commun. Mag.,
vol. 42, no. 4, pp. 78–86, Apr. 2004.
[30] A. M. Tonello and F. Versolatto, “Bottom-Up Statistical PLC Channel
Modeling - Part II: Inferring the Statistics,” IEEE Trans. Power Del.,
vol. 25, no. 4, pp. 2356–2363, Oct. 2010.
[31] S. Galli, “A simple two-tap statistical model for the power line channel,”
in IEEE Intl. Symp. on Power Line Commun. and Its Appl. (ISPLC), Rio
de Janeiro, Brazil, Mar. 28–31, 2010.
[32] W. Y. Chen, Home Networking Basis: Transmission Environments and
Wired/Wireless Protocols. Prentice Hall, 2003.
14 TO APPEAR IN THE IEEE TRANSACTIONS ON COMMUNICATIONS, 2011
[33] Home Networking Transceivers - Enhanced Physical, Media Access, and
Link Layer Specifications, ITU-T Std. Recommendation G.9954, 2007.
[34] M. Feuerstein, K. Blackard, T. Rappaport, S. Seidel, and H. Xia, “Path
loss, delay spread, and outage models as functions of antenna height for
microcellular system design,” IEEE Trans. Veh. Technol., vol. 43, no. 3,
pp. 487–498, Aug. 1994.
[35] E. Sousa, V. Jovanovic, and C. Daigneault, “Delay spread measurements
for the digital cellular channel in Toronto,” IEEE Trans. Veh. Technol.,
vol. 43, no. 4, pp. 837–847, Nov. 1994.
[36] L. J. Greenstein, V. Erceg, Y. S. Yeh, and M. V. Clark, “A new path-
gain delay-spread propagation model for digital cellular channels,” IEEE
Trans. Veh. Technol., vol. 46, no. 2, May 1997.
[37] D. Devasirvatham, “Time delay spread and signal level measurements of
850 MHz radio waves in building environments,” IEEE Trans. Antennas
Propag., vol. 34, no. 11, pp. 1300–1305, Nov. 1986.
[38] J.-E. Berg, J. Ruprecht, J.-P. de Weck, and A. Mattsson, “Specular
reflections from high-rise buildings in 900 MHz cellular systems,” in
IEEE Veh. Techn. Conf. (VTC), St. Louis, MO, May 19-22, 1991.
[39] S. Ghassemzadeh, R. Jana, C. Rice, W. Turin, and V. Tarokh, “Measure-
ment and modeling of an ultra-wide bandwidth indoor channel,” IEEE
Trans. Commun., vol. 52, no. 10, pp. 1786 – 1796, Oct. 2004.
[40] H. Hashemi and D. Tholl, “Statistical modeling and simulation of the
RMS delay spread of indoor radio propagation channels,” IEEE Trans.
Veh. Technol., vol. 43, no. 1, pp. 110 –120, Feb. 1994.
[41] T. Svantesson and J. Wallace, “On signal strength and multipath richness
in multi-input multi-output systems,” in IEEE Int. Conf. on Commun.
(ICC), Anchorage, USA, May 11–15, 2003.
[42] M. Jensen and J. Wallace, “A review of antennas and propagation
for MIMO wireless communications,” IEEE Trans. Antennas Propag.,
vol. 52, no. 11, pp. 2810–2824, Nov. 2004.
[43] J. Nielsen, J. Andersen, G. Bauch, and M. Herdin, “Relationship between
capacity and pathloss for indoor MIMO channels,” in IEEE Int. Symp.
Pers. Indoor and Mobile Radio Commun. (PIMRC), Helsinki, Finland,
Sep. 11–14, 2006.
[44] V. D. Nguyen and H. Kuchenbecker, “Intercarrier and intersymbol
interference analysis of OFDM systems on time-invariant channels,” in
IEEE Int. Symp. Pers. Indoor and Mobile Radio Commun. (PIMRC),
Lisbon, Portugal, Sep. 15–18, 2002.
[45] S. Galli, “PLC Standardization Progress and Some PHY
Considerations,” Keynote at the IEEE Intl. Symp. on Power Line
Commun. and Its Appl. (ISPLC), Dresden, Germany, Mar. 29 – Apr.
1, 2009. [Online]. Available: http://cms.comsoc.org/SiteGen/Uploads/
Public/Docs ISPLC 2009 /keynotes/ISPLC09 Keynote Web New.pdf
[46] J. L. Seoane, S. K. Wilson, and S. Gelfand, “Analysis of intertone and
interblock interference in ofdm when the length of the cyclic prefix is
shorter than the length of the impulse response of the channel,” in IEEE
GlobeCom Conf., Phoeniz, AZ, Nov. 3–8, 1997.
[47] A. Tonello, S. D’Alessandro, and L. Lampe, “Cyclic prefix design and
allocation in bit-loaded ofdm over power line communication channels,”
IEEE Trans. Commun.
[48] F. Can˜ete, L. Dı´ez, J. Corte´s, and J. Entrambasaguas, “Broadband mod-
elling of indoor power-line channels,” IEEE Trans. Consum. Electron.,
vol. 48, no. 1, pp. 175–183, Feb. 2002.
[49] I. H. Cavdar, “Performance analysis of FSK power line communications
systems over the time-varying channels: Measurements and modeling,”
IEEE Trans. Power Del., vol. 19, no. 1, pp. 111–117, Jan. 2004.
[50] F. Can˜ete, J. Corte´s, L. Dı´ez, and J. Entrambasaguas, “Analysis of the
cyclic short-term variation of indoor power line channels,” IEEE J. Sel.
Areas Commun., vol. 24, no. 7, pp. 1327– 1338, Jul. 2006.
[51] T.-E. Sung, A. Scaglione, and S. Galli, “Time-varying Power Line Block
Transmission Models Over Doubly Selective Channels,” in IEEE Intl.
Symp. on Power Line Commun. and Its Appl. (ISPLC), Jeju Island,
Korea, Apr. 2–4, 2008.
[52] L. Zadeh, “Frequency Analysis of Variable Networks,” Proceedings of
the I.R.E., vol. 38, no. 3, pp. 291–299, Mar. 1950.
[53] S. Galli and A. Scaglione, “Discrete-time block models for transmission
line channels: Static and doubly selective cases,” Submitted to the IEEE
Trans. on Commun.
[54] B. Glance and L. Greenstein, “Frequency-selective fading effects in
digital mobile radio with diversity combining,” IEEE Trans. Commun.,
vol. 31, no. 9, Sep. 1983.
[55] K. Afkhamie, S. Katar, L. Yonge, and R. Newman, “An overview of the
upcoming HomePlug AV standard,” in IEEE Intl. Symp. on Power Line
Commun. and Its Appl. (ISPLC), Vancouver, Canada, Apr. 6–8, 2005.
[56] S. Galli, A. Kurobe, and M. Ohura, “The Inter-PHY Protocol (IPP):
A Simple Co-Existence Protocol,” in IEEE Intl. Symp. on Power Line
Commun. and Its Appl. (ISPLC), Dresden, Germany, Mar. 29 – Apr. 1,
2009.
[57] V. Oksman and S. Galli, “G.hn: The new ITU-T home networking
standard,” IEEE Commun. Mag., vol. 47, no. 10, Oct. 2009.
[58] S. Galli, M. Koch, H. Latchman, S. Lee, and V. Oksman, “Chap.
7: Industrial and International Standards on PLC-based Networking
Technologies,” in Power Line Communications, H. Ferreira, L. Lampe,
J. Newbury, and T. Swart, Eds. John Wiley & Sons, 2010.
[59] T. Starr, J. Cioffi, and P. Silverman, Understanding Digital Subscriber
Line Technology. Prentice–Hall, 1999.
[60] S. Galli, “On the fair comparison of FEC schemes,” in IEEE Int. Conf.
on Commun. (ICC), Cape Town, South Africa, May 23–27, 2010.
Stefano Galli (S’95, M’98, SM’05) received his
M.Sc. and Ph.D. degrees in Electrical Engineering
from the University of Rome “La Sapienza” (Italy)
in 1994 and 1998, respectively. Currently, he is the
Director of Technology Strategy of ASSIA where
he leads the overall standardization strategy of the
company and contributes to the company’s efforts
in the areas of wired/wireless access and home
area networking. Prior to this position, he was in
Panasonic Corporation from 2006 to 2010 as Lead
Scientist in the Strategic R&D Planning Office and
then as the Director of Energy Solutions R&D. From 1998 to 2006, he was
a Senior Scientist in Bellcore (now Telcordia Technologies).
Dr. Galli is involved in a variety of capacities in Power Line Communications
and Smart Grid activities. He currently serves as Chair of the PAP-15
Coexistence subgroup instituted by the US National Institute of Standards and
Technology (NIST), Chair of the IEEE Communications Society (ComSoc)
Smart Grid Communications Committee, Member-at-Large of the IEEE
ComSoc Board of Governors, Member of the Energy and Policy Committee
of IEEE-USA, and Editor for the IEEE Transactions on Smart Grid and the
IEEE Transactions on Communications (Wireline Systems and Smart Grid
Communications). He is also the founder and first Chair of the IEEE ComSoc
Technical Committee on Power Line Communications (2004-2010), and the
past Co-Chair of the “Communications Technology” Task Force of the IEEE
P2030 Smart Grid Interoperability Standard (2009-2010).
Dr. Galli has worked on numerous wireless/wired communications technolo-
gies and is now focusing on Power Line Communications and Smart Grid.
He is an IEEE Senior Member, holds fourteen issued and pending patents,
has published over 90 peer-reviewed papers, has submitted tens of standards
contributions, and has received the 2010 IEEE ISPLC Best Paper Award.
